The critical role of the left atrium (LA) in cardiovascular homoeostasis is mediated by its reservoir, conduit, systolic, and neurohormonal functions. Atrial fibrillation is generally a reflection of underlying disease of the LA, especially in patients with heart failure. Disease-related LA remodelling leads to a decline in both atrial contractility and distensibility along with an impairment in the control of neurohormonal systems that regulate intravascular volume. Catheter ablation can lead to further injury to the atrial myocardium, as evidenced by post-procedural troponin release and tissue oedema. The cardiomyocyte loss leads to replacement fibrosis, which may affect up to 30-35% of the LA wall. These alterations further impair atrial force generation and neurohormonal functions; the additional loss of atrial distensibility can lead to a 'stiff LA syndrome', and the fibrotic response predisposes to recurrence of the atrial arrhythmia. Although it intends to restore LA systole, catheter ablation often decreases the chamber's transport functions. This is particularly likely in patients with long-standing atrial fibrillation and pre-existing LA fibrosis, especially those with increased epicardial adipose tissue (e.g. patients with obesity, diabetes and/or heart failure with a preserved ejection fraction). Although the fibrotic LA in these individuals is an ideal substrate for the development of atrial fibrillation, it may be a suboptimal substrate for catheter ablation. Such patients are not likely to experience long-term restoration of sinus rhythm, and catheter ablation has the potential to worsen their haemodynamic and clinical status. Further studies in this vulnerable group of patients are needed. The left atrium (LA) plays a pivotal role in maintaining the physiological integrity of the cardiovascular system in three ways. First, the chamber acts as a reservoir for pulmonary venous return during left ventricular (LV) systole and as a conduit from the pulmonary veins to the LV during early diastole.
The left atrium (LA) plays a pivotal role in maintaining the physiological integrity of the cardiovascular system in three ways. First, the chamber acts as a reservoir for pulmonary venous return during left ventricular (LV) systole and as a conduit from the pulmonary veins to the LV during early diastole. 1 Its ability to enlarge without increasing chamber pressures is critical to preventing deleterious increases in pulmonary venous and arterial pressures. Second, LA contraction boosts the filling of the LV at end-diastole. This action-through the Frank-Starling mechanism-enhances the strength of ventricular systole, without the need to maintain a continuously high LA pressure during diastole. 2 Third, the LA is the nexus of the interplay of several neurohormonal systems that are activated by LA stretch. The chamber is richly supplied by adrenergic and cholinergic nerves; its distension stimulates mechanoreceptors, leading to inhibition of central sympathetic outflow to the kidneys, and to natriuresis. 3 Atrial stretch also triggers the release of natriuretic peptides from the LA, which plays an additional role in volume homoeostasis.
Derangement of homoeostatic functions of the left atrium in cardiac disease
All three critical physiological actions are impaired in patients who have LA disease, which often becomes clinically manifest as atrial fibrillation (AF). Atrial fibrillation is a reflection of extensive abnormalities in the LA that precede the development of and progress
The opinions expressed in this article are not necessarily those of the Editors of the European Heart Journal or of the European Society of Cardiology. with the duration of the arrhythmia. Atrial remodelling and fibrosis can be assessed by speckle tracking echocardiography and by magnetic resonance imaging, respectively. The haemodynamically stressed atrium enlarges and becomes more spherical; this deformational change predisposes to the development of AF and to recurrent AF following catheter ablation. 4, 5 As AF becomes persistent and long-standing, progressive LA fibrosis exerts deleterious effects on the chamber's reservoir, conduit, and booster functions ( Figure 1) . 6 With the loss of atrial capacitance, pulmonary venous return leads to disproportionate increases in LA pressure. 7 These structural and pathophysiological derangements advance in parallel with the duration of AF; they are independent of LA chamber size, but are related to the quantity of fibrosis. 6 The greater the severity of these abnormalities, the lower the likelihood that electrical, chemical, or ablative cardioversion can result in sustained restoration of sinus rhythm. 8 Although it is commonly believed that AF itself accelerates the development of these derangements, it is difficult to separate the contribution of the arrhythmia from the role played by the underlying disease. The direct contribution of AF to the progression of LA disease remains uncertain. The concurrent presence of heart failure heightens the severity of the structural and functional derangements of the LA seen in AF ( Figure 1) . 9 In sinus rhythm, the force of atrial emptying increases as the LV undergoes hypertrophy, 2 but the strength of atrial systole weakens in patients with heart failure with a reduced ejection fraction (HFrEF) 10 ; the magnitude of this impairment has prognostic significance. 11 In those with volume overload due to HFrEF, functional mitral regurgitation may lead to increased atrial distensibility. 12 In contrast, atrial reservoir and conduit functions are typically diminished in patients with heart failure and a preserved ejection fraction (HFpEF). 13 Accordingly, patients with HFrEF have larger LA volumes but lower peak LA pressures, whereas those with HFpEF have greater LA stiffness leading to smaller LA volumes despite higher peak pressures. 14 Yet, despite their smaller LA volumes, patients with
HFpEF are more likely to have AF, suggesting that atrial fibrosis (not dilatation) is the major determinant of AF during prolonged atrial stress. Fibrosis may result from the accumulation and inflammation of epicardial adipose tissue, which is a prominent feature of many patients with HFpEF and has been linked to foci of electrical derangements in the adjacent underlying atrial myocardium. 15 Finally, the role of the LA in modulating the activity of neurohormonal systems is substantially impaired in patients with AF, especially with coexistent heart failure. LA remodelling leads to loss of normal sympathoinhibition; the resulting increase in autonomic activity to the LA can trigger AF, whereas restoration of central sympathetic inhibition ameliorates the risk of AF. 16 Heart failure also disrupts the adaptive neurohormonal response to LA stretch, such that chamber distension no longer leads to reflex sympathoinhibition, 16 but instead, causes paradoxical sympathetic activation, leading to AF. 17 In addition, circulating natriuretic peptides are increased in heart failure, particularly in patients with AF, but heart failure impairs the cleavage of prohormones in the LA, thus limiting the release of biologically active peptides. 18 Fibrosis also impairs atrial stretch, thereby, constraining the primary stimulus to natriuretic peptide synthesis even when LA pressures are increased. 15 End-stage disease may lead to exhaustion of natriuretic peptide synthesis, particularly in patients with longstanding AF. 19 
Characterization of left atrial injury induced by catheter ablation
Catheter ablation disrupts with the structural and functional integrity of autonomic nerve circuits, particularly those surrounding the pulmonary veins. Using radiofrequency or temperature-mediated injury, the procedure seeks to focally abolish triggers that are responsible for AF. Early ablation procedures were limited to creating circumferential substrate-based lines around the pulmonary veins, but recently, the procedure has been expanded to include posterior or atrial roof ablation lines, ablation lines from the left inferior pulmonary vein to the mitral annulus, and additional empiric ablation lines in the LA wall. 20 Although it intends to target neural circuits, ablation injures the atrial myocardium, as evidenced by post-procedural release of troponin 21 and tissue oedema by imaging studies. 22 In patients with healthy atria who typically have only paroxysmal AF, the consequences of the injury may be modest. 23 However, the procedure-related cardiomyocyte loss eventually leads to replacement fibrosis, and in patients with long-standing AF and severely diseased atria, ablation-induced injury can have serious deleterious effects on LA structure and function (Take home figure) . 24 The quantity of loss of contractile tissue and replacement fibrosis depends on the extent or number of procedures, but 30-35% of the LA wall may be replaced by scar following ablation. 25, 26 These changes are not seen in the right atrium, whichalthough affected by AF-is typically not injured by the procedure. 
Consequences of the effect of ablation on left atrial systolic function
Ablation is followed by impairment of LA systolic function, which is related to the magnitude of scar formation. 20 During follow-up, 40-70% of patients who undergo ablation show a decrease in LA ejection fraction, particularly if they have demonstrated biochemical evidence of cardiomyocyte death (as reflected by CK-MB and troponin release); this is especially likely with extensive or multiple procedures. 24 In one-third of patients, restoration of electrocardiographic P waves is not accompanied by haemodynamic evidence of meaningful atrial systole, i.e. 'a waves' on pressure tracings. 25 Even in those who maintain an atrial systolic contribution to LV filling, the magnitude of the atrial-generated pressure wave is meaningfully diminished, which is disadvantageous if LV filling during diastole is already compromised. 26 Conversely, attenuation of atrial contractile force could be adaptive, since the full restoration of atrial systole might promote retrograde flow into the pulmonary veins and exacerbate pulmonary hypertension. 27 In any case, those who cannot generate atrial contractile force despite normal electrical activation have an increased risk of recurrent AF. 25 Therefore, although ablation seeks to restore atrial contractile function, the ability of the LA to transport pulmonary venous blood (which includes the reservoir, conduit and systolic phases of atrial function) is decreased by the procedure, 20 especially in patients with long-standing AF and pre-existing LA fibrosis.
Consequences of the ablationrelated impairment of left atrial distensibility
By adding to the fibrotic burden of the diseased LA, catheter ablation impairs the capacitance of the chamber, often dramatically. The procedure characteristically leads to a decrease in LA volume and LA expansion index, which is related to the number of ablation lines or procedures, and thus, scar formation. 20, 28 The reduction in chamber distensibility following catheter ablation causes LA pressures to increase disproportionately as the chamber fills with pulmonary venous blood, even though sinus rhythm is restored. Post-ablation increases in LA pressures are seen in up to 40% of unselected patients 29 ; such increases presage a high rate of recurrence of AF during followup. 30, 31 In some patients, the distensibility of the LA is so severely compromised that the chamber becomes patently stiff and has exceptional difficulty accommodating even modest levels of pulmonary venous return. Pulmonary venous and arterial pressures increase markedly, leading to worsening dyspnoea and exercise intolerance, despite sinus rhythm. 28, 31, 32 Patients with pre-existing impairment of LA distensibility are at particular risk. The true incidence of this 'stiff LA syndrome' is not known. Although current estimates suggest that its occurrence in 10% of unselected patients who undergo ablation, 30 there are few prospective studies of this complication, and the risk is likely to be meaningfully higher in those with heart failure and preexisting LA fibrosis. Of note, these adverse effects on the mechanical functions of the LA are not seen following pharmacological cardioversion. 33 The stiff LA syndrome should be distinguished from the development of heart failure immediately following an ablation procedure. New-onset or worsening heart failure is seen in 15-30% patients of patients shortly following ablation, especially if it involves numerous ablation lines. 32 The volume load administered as a result of open irrigation can contribute to the occurrence of these events, 34 as can the early necrosis and tissue oedema seen in many individuals.
21,22
Electrophysiological and neurohormonal consequences of left atrial ablation
Left atrial fibrosis can destabilize the chamber's electrophysiological properties. Ablation of septal lines and extensive septal complex fractionated electrograms can delay LA activation or even cause dissociation of biatrial activation. 35 More commonly, ablation-mediated injury can result in areas with discordant voltage that predispose to recurrent AF. 36 Although electrophysiologists often recommend a repeat ablation for recurrent AF, the incremental burden of 21 and a high rate of procedural failure. 36, 37 Ablation-mediated restoration of sinus rhythm leads to a sustained decrease in circulating natriuretic peptides, and re-elevation of peptide levels presages the recurrence of AF. 37 These observations are primarily relevant to patients with relatively healthy LA and only paroxysmal AF. Long-term lowering of circulating natriuretic peptides probably reflects the restoration of sinus rhythm, since it is also observed following electrical cardioversion. 38 However, in contrast to electrical cardioversion, ablation can lead to an immediate increase in natriuretic peptides due to acute cytolysis of LA tissue. 39 Furthermore, in patients with a severely diseased LA and longstanding AF, the sustained decreases in natriuretic peptides levels following ablation may be related to a loss of LA cardiomyocytes, 39 which are the primary source of peptide synthesis. This diminution of circulating natriuretic peptides might have adverse physiological consequences in chronic heart failure. The adaptive actions of these peptides on the heart and kidneys are already attenuated in these patients, as evidence by the benefits that accrue following long-term neprilysin inhibition. A disproportionate fall in natriuretic peptides following ablation-induced LA injury might contribute to postprocedural increases in cardiac filling pressures. 30 
Identification of high-risk phenotypes for catheter ablation
The adverse effects of catheter ablation on LA function may be particularly important in certain high-risk phenotypes. Patients who are obese or have Type 2 diabetes, or both, typically exhibit accumulation and inflammation of epicardial adipose tissue, which is often accompanied by injury and fibrosis of the underlying atrial myocardium, and thereby, to abnormalities of electrogram fractionation and AF. 15 These regional interactions likely explain (in part) why patients with obesity or type 2 diabetes are at increased risk of AF. 40, 41 Poor glycaemic control increases the risk of AF 41 ; conversely, dramatic degrees of weight loss and certain antihyperglycaemic drugs can ameliorate AF. 42, 43 Not surprisingly, patients with diabetes, obesity or increased epicardial fat have a high rate of procedural failure with catheter ablation 44, 45 and are particularly likely to develop stiff LA syndrome, especially following repeated procedures. 46 Ablation-induced LA dysfunction may be particularly important in HFpEF. The syndrome is commonly accompanied by obesity and diabetes, and the prevalence of AF is extremely high (60%), most likely related to extensive atrial inflammation and fibrosis. Atrial fibrosis explains why LA systolic performance and reservoir functions are impaired in these individuals 47 ; yet, because of impaired LA distensibility, LA volumes, and natriuretic peptides are not markedly increased, despite a meaningful elevation of LA pressures. 15, 47 Ablation-induced scar can add to the high pre-existing LA fibrotic burden. This fibrosis would be expected to presage a low rate of procedural success in HFpEF, and the post-ablation loss of LA capacitance can increase pulmonary venous pressures and worsen the clinical status of these patients. 30 Evidence for left atrial dysfunction in trials of catheter ablation in heart failure There have been six randomized controlled trials of catheter ablation for AF in HFrEF ( Table 1) 48 -53 , and the CABANA study 54 also enrolled a small group of these patients. Although several trials reported favourable effects of ablation on functional capacity and exercise tolerance, such benefits have been difficult to interpret in these unblinded studies, since symptomatic assessments are influenced by knowledge of the treatment assignment. The effects of ablation on mortality have been reported in two trials (CASTLE-AF and AATAC) 50, 51 , but the data have been sparse (<100 deaths combined). The former suffered from important methodological limitations, 55 and in both trials, the comparator groups received membrane-active antiarrhythmic drugs that can increase the risk of death and heart failure.
Only two of the six trials (CAMERA-MRI and ARC-HF) 48 ,49 evaluated the potential for catheter ablation to exert adverse effects on LA structure and function, and in both studies, the patients had minimal evidence for or only mild degrees of heart failure prior to the procedure ( Table 1) . In both trials, AF ablation led to a decrease in LA (but not right atrial) volumes at 6-12 months. However, neither trial evaluated LA filling dynamics, pressure-volume relationships, or capacitance. Interestingly, the ARC-HF trial reported structural improvement in LV geometry following ablation, but only in patients without pre-procedural cardiac fibrosis. In contrast, MacDonald et al. 53 evaluated patients who likely had extensive fibrosis, since they had long-standing AF, an EF of 18%, and a N-terminal proBNP >2000 pg/mL. Despite the open-label design of this trial, favourable effects on exercise tolerance and quality-of-life were not observed, and the rate of AF recurrence was high ( Table 1) . The incidence of stiff LA syndrome in patients with meaningful pre-procedural LA fibrosis is unknown. Worsening dyspnoea in these patients is often (and perhaps mistakingly) attributed to worsening of LV function, since LA pressure-volume relationships and filling dynamics are not routinely evaluated in clinical practice. In particular, the potential adverse effects of ablation on LA function in patients with marked pre-existing cardiac fibrosis (i.e. those with HFpEF) are unknown, since such individuals have not been systematically evaluated for meaningful periods of time following one or more ablation procedures.
Only 15% of the patients enrolled in the CABANA trial 54 had heart failure at the time of randomization, and primary endpoint events were observed in only 49 patients. The study included patients with HFrEF and HFpEF, but the effect of ablation on the progression of heart failure in these subgroups is not known. However, given the overall small number of participants and events, the trial is not likely to add meaningfully to the existing evidence base. AF reflects significant underlying long-standing structural and functional abnormalities of the LA, which are not resolved by the restoration of sinus rhythm. Efforts to interrupt neural circuits with catheter ablation can cause further injury to the LA, as evidenced acutely, by cardiomyocyte necrosis and tissue oedema, and chronically, by the loss of contractile and reservoir function as a result of replacement fibrosis. The extent of these changes depends on the number of ablation lines and ablation procedures. Up to 30-35% of the LA mass may be replaced by scar following catheter ablation.
In patients with a relatively healthy LA who typically have only paroxysmal AF, these deleterious changes in the LA may be welltolerated, and restoration of sinus rhythm may have favourable effects on LV structure and function if there was minimal evidence for heart failure and the ventricular response had been rapid despite pharmacological treatments. 56 In contrast, in patients with severe underlying LA disease (generally those with long-standing AF and particularly when associated with obesity, diabetes, and HFpEF), the injurious effects of catheter ablation can impair the reservoir, conduit, and transport functions of the LA, which can have important haemodynamic and clinical consequences. Although ablation is intended to restore atrial systole, the inflammatory and fibrotic response to the procedure has deleterious effects on total LA emptying. The most important consequence of ablation-induced fibrosis is to impair LA distensibility and cause a stiff LA syndrome, leading to worsening dyspnoea and heart failure. The risk of stiff LA syndrome is likely to be high when ablation is performed in patients who already have a fibrotic noncompliant LA chamber, particularly those who have HFpEF. Since the prevalence of AF in these patients is 60%, interest in using catheter ablation in HFpEF is growing, despite the need for repetitive procedures and the absence of demonstrable benefit on symptoms or outcomes in controlled clinical trials. Although the fibrotic LA in chronic heart failure is an ideal substrate for the development of AF, it may be a suboptimal substrate for catheter ablation. Such patients are not likely to experience longterm restoration of sinus rhythm, and catheter ablation can worsen their haemodynamic and clinical status. Given the known consequences of catheter ablation, the benefit-to-risk in most patients with long-standing AF, advanced atrial remodelling, and underlying heart failure (both HFrEF and HFpEF) remains to be established. The cautious approach recommended in current ESC guidelines is warranted.
